The 773-residue ectodomain of the herpes simplex virus type 1 (HSV-1) glycoprotein B (gB) has been resistant to the use of mutagenic strategies because the majority of the induced mutations result in defective proteins. As an alternative strategy for the identification of functionally important regions and novel inhibitors of infection, we prepared a library of overlapping peptides homologous to the ectodomain of gB and screened for the ability of the peptides to block infection. Seven of 138 15-mer peptides inhibited infection by more than 50% at a concentration of 100 M. Three peptides (gB94, gB122, and gB131) with 50% effective concentrations (EC 50 s) below 20 M were selected for further studies. The gB131 peptide (residues 681 to 695 in HSV-1 gB [gB-1]) was a specific entry inhibitor (EC 50 , ϳ12 M). The gB122 peptide (residues 636 to 650 in gB-1) blocked viral entry (EC 50 , ϳ18 M), protected cells from infection (EC 50 , ϳ72 M), and inactivated virions in solution (EC 50 , ϳ138 M). We were unable to discern the step or steps inhibited by the gB94 peptide, which is homologous to residues 496 to 510 in gB-1. Substitution of a tyrosine in the gB122 peptide (Y640 in full-length gB-1) reduced the antiviral activity eightfold, suggesting that this residue is critical for inhibition. This peptide-based strategy could lead to the identification of functionally important regions of gB or other membrane proteins and identify novel inhibitors of HSV-1 entry.
Herpes simplex virus type 1 (HSV-1) is a significant human pathogen that primarily causes mucocutaneous ulcers. Less common but more serious infections can result in encephalitis, blinding keratitis, or neonatal herpes (78) . Several antivirals are approved for the treatment of HSV infections but are ineffective in certain situations and do not eliminate latent infections (20, 56, 65) . Thus, new strategies are needed to deal with these infections.
HSV-1 infection is initiated by the binding of glycoprotein C (gC) to cell surface heparan sulfate (69, 71, 72) . The HSV-1 gB protein (gB-1) can also bind to heparan sulfate proteoglycan, but the binding is less efficient (37) . Following attachment, gD binds to any of four cellular coreceptors, including HVEM (herpesvirus entry mediator), nectin 1, nectin 2, or 3-O-sulfated heparan sulfate, resulting in a conformational change in gD (18, 28, 41, 50, 51) . The conformational change in gD is then thought to trigger the formation of the fusion complex, which includes gB and the gH-gL heterodimer. The coexpression of gD, gB, and gH-gL in the same cell results in cell-cell fusion, indicating that these four proteins constitute the minimal fusion apparatus (10, 24, 52, 61, 75) . It has been suggested that gH-gL and gB are recruited to gD independently of one another and possibly interact with each other (3) . Recent studies show that HSV-1 fusion is mediated through a hemifusion intermediate involving gH-gL but that the complete fusion event requires the action of gB (73) . gB-1 interacts with the cell surface (7, 59, 60) , and a cell surface protein, PILR␣, has been identified as a gB-1 binding entry coreceptor (66) .
The role of gB-1 in the entry/fusion process is poorly understood, even though it is the most highly conserved herpesvirus envelope protein (58) . Several studies indicate that gB-1 functions as an oligomer. Mature gB-1 sediments at approximately 200 kDa in sucrose gradients, whereas the monomeric form has an apparent molecular mass of 110 kDa (2, 17, 38) . Mutant gB-1 can act in a dominant negative manner to reduce viral titers and inhibits the complementation of null mutants by wild-type gB-1 (13) , and a temperature-sensitive gB-1 mutant (mutant tsB5) fails to oligomerize at the nonpermissive temperature (15, 34) . Recently, the elucidation of the crystal structure of the postfusion form of gB-1 has confirmed that the protein is a trimer (36) and shares a high degree of structural, but not sequence, homology to the vesicular stomatitis virus G protein (64) .
gB-1 is 904 amino acids long and has a 773-residue ectodomain, a 22-residue transmembrane domain, and a 109-residue cytoplasmic tail (36, 57) . Monomeric gB-1 contains 10 cysteines that form five intramolecular disulfide bonds, some of which appear to be important for proper folding and processing of the protein (36, 42, 53) . Each gB-1 monomer contains five domains (36) , and recent studies with gB-specific monoclonal antibodies have identified functional regions in the gB-1 ectodomain that are important for infection (6) . A heparan sulfate binding site, which allows gB-1 to substitute for gC-1 in attachment, is located between residues 68 to 76 of gB (37, 43) . Single amino acid substitutions in domain I of gB-1, which is structurally analogous to the fusion loop in vesicular stomatitis virus G protein, were shown to ablate syncytium formation and cell-cell fusion in transfected receptor-positive cells that transiently expressed gD, gH-gL, and the mutant gB, suggesting that these residues are important for membrane fusion. Thus, this region is a putative fusion loop in gB-1 (35) . Several mutations resulting in a hyperfusion phenotype have been mapped to the cytoplasmic tail of gB-1, indicating that this region plays an important role in regulating the fusogenic activity of the protein (4, 21, 24, 25, 46, 63, 77) . Mutations leading to reversion of the syncytium-forming phenotype of gB-1 mutants have been mapped to the UL45 envelope protein (33) , suggesting that UL45 may interact with gB-1 and regulate fusogenic activity. gB-1 is also associated with lipid rafts in infected cells (8) ; however, the region in gB-1 that is involved in this association has not been identified.
The use of mutagenic approaches to identify functionally important regions of the gB-1 ectodomain has been difficult due to misfolding of the majority of the mutant proteins (13, 14, 49, 62) . Insertions into ␣ helices or ␤ sheets appear to be particularly disruptive (54) . Even approaches that target predicted surface-exposed loops result in a high percentage of mutants that are improperly expressed (44) . Recently, a random 5-amino-acid-insertion mutagenesis strategy was utilized; and only 27 of 81 mutants were properly folded, processed, and transported to the cell surface (45) . The difficulty with the use of mutagenesis strategies to study the function of the gB-1 ectodomains may be due to the fact that trimer formation involves extensive intermolecular contacts over large areas of the protein (36) .
Peptide-based strategies have previously been used to study herpesvirus glycoprotein function. Trybala et al. (74) used a series of synthetic peptides to show that two discontinuous regions of HSV-1 gC were involved in binding to heparan sulfate proteoglycans. Several laboratories have shown that peptides homologous to heptad repeat regions from gB-1, HSV-1 gH, bovine herpes virus type 1 gB, and human cytomegalovirus gB inhibit infection, indicating that these regions of the proteins are functionally significant (27, 29, 48, 55) . Rationally designed ␤-peptides that mimic the human cytomegalovirus gB heptad repeat are effective inhibitors of infection (23) . More recently, and while the manuscript for this study was being written, peptides homologous to HSV-1 and bovine herpes virus type 1 gB that had a high probability of forming regions of high interfacial hydrophobicity were shown to inhibit viral infection (26) . Those studies clearly indicate that peptide-based approaches can be useful in identifying functionally important regions of herpesvirus glycoproteins. A significant feature of these peptide-based studies is that all of them targeted regions of the proteins with predictable structures or motifs, and these approaches might miss unique regions that play important roles in infection.
To determine if a more generalized peptide-based approach could identify functionally important regions of gB, we synthesized a library of overlapping 15-mer peptides encompassing the ectodomain of gB-1 and tested the peptides for their ability to inhibit HSV infection. Seven of the peptides inhibited infection by 50% or more when they were screened at a concentration of 100 M. Three peptides were selected for further study, and two primarily blocked the entry of HSV-1 into cells. These results validate the use of overlapping peptide libraries (peptide scanning inhibition) for the identification of functionally important regions in membrane glycoproteins.
MATERIALS AND METHODS

Cells and viruses.
Vero cells were grown in Dulbecco's modified Eagle medium (DMEM) supplemented with 5% fetal bovine serum and 5% calf serum. High-titer stocks of HSV-1 KOS mutant hrR3, which expresses Escherichia coli ␤-galactosidase from the early ICP6 promoter (30) , were prepared (32) and were further purified on sucrose gradients, as described previously (76) .
Peptide synthesis and analysis. All peptides were synthesized at the University of Wisconsin-Madison Biotechnology Center. Overlapping gB peptides were synthesized by using SynPhase lanterns (rink amide, 8 M; Mimotopes Pty. Ltd., Australia), according to the manufacturer's instructions. The peptide concentrations were determined by dividing the weight of the crude product by the volume of water used to dissolve the peptide. Note that for the high-throughput initial screen, potential differences in the solubilities of the peptides were not accounted for. The large-scale synthesis and the purification (Ͼ95% purity) of the individual peptides were carried out as we described previously (11, 12) . The concentrations of the large-scale batches were determined by measuring the absorbance at 215 nm and 225 nm (68) .
MTS assay. Peptide cytotoxicity was determined by a commercially available assay (Celltiter 96 AQ queous One Solution cell proliferation assay reagent; Promega, Madison, WI), as described previously (1) . Briefly, Vero cells (1.5 ϫ 10 4 cells/well) were seeded in a 96-well plate, and the plate was incubated for 24 h at 37°C. A total of 20 l of medium containing the desired concentration of peptides was added to the cells. Control cells received medium only. After incubation of the cells in the presence of peptide overnight at 37°C, 20 l of the 96 AQ queous One Solution cell proliferation assay reagent was added to each well. The plate was then incubated for 2 h at 37°C, and the absorbance at 490 nm was determined with a 96-well plate reader (Biotek Instruments, Inc., Winooski, VT). Antiviral assays. Vero cells (1 ϫ 10 4 cells/well) seeded in 96-well plates and incubated for 4 days at 37°C were infected with hrR3 at a multiplicity of infection of 1. Carbonate-free DMEM supplemented with 5% calf serum and 5% fetal bovine serum (S ϩ medium) was used for all assays. At 6 h postinfection, the ␤-galactosidase activity was measured by enzyme-linked immunosorbent assay (ELISA) (12) . After the cells were lysed with 0.5% Nonidet P-40 and 2 mM MgCl 2 in phosphate-buffered saline (PBS; 50 l/well) for 5 min and the addition of 10 mM chlorophenol red-␤-D-galactopyranoside (50 l/well; Roche Applied Science, Indianapolis, IN) to each well, the absorbance was measured in triplicate at 570 nm in a 96-well plate reader (Biotek Instruments, Inc.).
(i) Comprehensive antiviral assay. Various concentrations of the peptides were mixed with virus (1 ϫ 10 6 PFU/ml) in 70 l of S ϩ medium and with Vero cells in 96-well plates. Following incubation for 1 h at 37°C, the virus-peptide mixture was added to the treated cells. At 6 h postinfection, ␤-galactosidase activity was measured as an indicator of infection, as described above.
(ii) Virus inactivation assay. Virus (1 ϫ 10 8 PFU/ml) was treated with various concentrations of peptide in 50 l of S ϩ medium for 1 h at 37°C. The treated virus was then diluted 200-fold and used to infect cells (40 l/well) for 1 h at 37°C. The diluted virus-peptide mixtures were replaced with S ϩ medium, and the ␤-galactosidase activity was measured 6 h later.
(iii) Cell protection assay. Vero cells were treated with various concentrations of peptide (50 l/well) at 37°C. After 1 h, the cells were washed with S ϩ medium and infected with 40 l/well of hrR3 (1 ϫ 10 6 PFU/ml) at 37°C for 1 h. The medium containing virus was replaced with fresh S ϩ medium, and the ␤-galactosidase activity was measured 6 h later.
(iv) Entry assay. Vero cells were fed with S ϩ medium and incubated at 4°C for 30 min. The medium was removed, and hrR3 (40 l/well, 5 ϫ 10 5 PFU/ml) was allowed to attach to the cells at 4°C. After 1 h, the cells were rinsed with S ϩ medium. Various concentrations of peptide were then added (40 l/well), and the cultures were incubated at 4°C for 15 min before the incubation temperature was shifted to 37°C. After 1 h, the cells were washed with 1ϫ PBS, and any remaining extracellular virus was inactivated by treatment with citrate buffer (pH 3.0) for 1 min. The infected cells were rinsed again with 1ϫ PBS and fed with S ϩ medium, and the ␤-galactosidase activity was measured 6 h later.
Attachment assay. The hrR3 virus (4 ϫ 10 5 PFU/well) was allowed to bind to Vero cells in the presence of various concentrations of peptide at 4°C for 1 h. After free virus was rinsed off with serum-free carbonate-free DMEM (S Ϫ medium), the cells were fixed with 4% paraformaldehyde in S Ϫ medium and blocked for 1 h with 3% bovine serum albumin in S Ϫ medium. Absorbed virus was detected with polyclonal rabbit anti-HSV-1 immunoglobulin G (IgG; 1:100 dilution; Dako, Carpinteria, CA) and alkaline phosphatase (AP)-conjugated goat anti-rabbit IgG (1:2,000 dilution; Sigma-Aldrich, St. Louis, MO). After the plates were washed with S Ϫ medium, 100 l of AP substrate (0.2 M diethanolamine, 0.5 mM MgCl 2 , 1.1 mM L-homoarginine, and 1.7 mM p-nitrophenylphosphate in Tris-buffered saline, pH 9.6) was added to each well, and the absorbance (405 nm) was read in a 96-well plate reader (Biotek Instruments, Inc.) at 1-min intervals for 20 min. The amount of binding was determined from the slope of the initial rate for triplicate samples, and the signal from mock-infected cultures was subtracted from the data.
VP16 transport to the nucleus and ICP0 expression. Vero cells (8 ϫ 10 6 cells per well) were seeded into six-well plates. On the following day, the cells were cooled to 4°C, hrR3 was added at a multiplicity of infection of 1, and the cultures were incubated for 1 h to allow attachment. Various concentrations of peptide were then added, and the cultures were incubated for an additional 15 min at 4°C. The cultures were then shifted to 37°C for 1 h, rinsed with citrate buffer, and then incubated for either 4 h (VP16) or 5 h (ICP0). For VP16 translocation, nuclear extracts were isolated by using a NucBuster protein extraction kit (catalog no. 71183-3; EMD Biosciences, Madison, WI), according to the manufacturer's instructions.
Sodium dodecyl sulfate-polyacrylamide gel electrophoresis and Western blotting. All samples were boiled for 5 min in Laemmli sample buffer containing 0.05% ␤-mercaptoethanol (Bio-Rad, Hercules, CA) and subjected to electrophoresis in 12% sodium dodecyl sulfate-polyacrylamide gels. The proteins were then transferred to nitrocellulose membranes, which were subsequently blocked in 5% (wt/vol) milk powder in washing buffer (0.3% [vol/vol] Tween 20, 100 mM maleic acid, 150 mM NaCl, pH 7.5) for 1 h at room temperature. The membrane was incubated with primary antibody overnight at 4°C. After the membrane was washed, it was incubated with secondary antibody for 1 h at room temperature. The immunoblots were developed with the AP substrate 5-bromo-4 chloro-3-indolylphosphate-nitroblue tetrazolium (FAST; Sigma-Aldrich). The primary antibodies used were polyclonal goat anti-VP16 antibody (1:200 dilution; catalog no. sc-34070; Santa Cruz Biotechnology, Inc., Santa Cruz, CA) and mouse monoclonal anti-ICP0 antibody (1:5,000 dilution; catalog no. H1A027-100; Virusys Corporation, Sykesville, MD). The secondary antibodies were AP-conjugated rabbit anti-goat IgG and AP-conjugated goat anti-mouse IgG (1:2,000 dilution; catalog nos. A7650 and A3562, respectively; Sigma-Aldrich).
RESULTS
Screening of the gB homologous peptide library. To test the feasibility of using a more general peptide strategy for identifying functionally important regions of membrane glycoproteins and potential inhibitors, a library of 15-mer peptides extending from residues 30 to 730 of the gB-1 ectodomain and overlapping each other by 10 residues was synthesized. The library was initially screened for peptides with inhibitory activity by using a highthroughput comprehensive antiviral assay in which both virus and cells were exposed to the peptides prior to infection and the peptides remained present throughout the assay. Infectivity was measured by determination of the ␤-galactosidase activity expressed as a reporter gene in the hrR3 virus. The criterion for designating a peptide positive was the inhibition of ␤-galactosidase activity by 50% or more at a presumptive concentration of 100 M. Figure 1 shows the locations of the peptides in the library and their antiviral activities in the initial screen. Of the 138 peptides in the library, 7, all of whose sequences clustered in the carboxy-terminal half of the ectodomain, inhibited infection by 50% or more (Fig. 1) . The seven peptides corresponded to residues 346 to 360 (gB64), 436 to 450 (gB82), 496 to 510 (gB94), 501 to 515 (gB95), 576 to 590 (gB110), 636 to 650 (gB122), and 681 to 695 (gB131) (Fig. 2 and Table 1 ). A peptide known to inhibit HSV-1 entry, the EB peptide (12), was also included as a positive control in this assay. Eight peptides clustering in the aminoterminal half of the gB-1 ectodomain appeared to enhance infection by more than twofold. These peptides were not explored further.
To further confirm that the active peptides inhibited infection, each peptide was resynthesized on a larger scale and with a higher purity. Resynthesized peptides gB82, gB95, and gB110 had reduced solubility in aqueous solution compared to the solubilities of the other peptides and were not studied further. The remaining peptides were tested in the comprehensive assay, and the EC 50 s were determined. The results confirmed that gB94, gB122, and gB131 inhibited viral infection with EC 50 s of less than 20 M (6.5, 15, and 18 M, respectively; Fig.  3 and Table 2 ). Peptide gB64 had an EC 50 of 85 M and was not considered further. The locations of the inhibitory peptides on the monomeric gB-1 crystal structure are shown in Fig. 2 . None of the selected inhibitory peptides (gB94, gB122, and gB131) were cytotoxic at a concentration of 200 M by an MTS assay (Fig. 4) .
Peptides gB94, gB122, and gB131 have different modes of action. To determine the step in infection inhibited by gB94, gB122, and gB131, we varied the time during infection when the peptide was added. Initially, to test the inhibition of attachment, the virions were mixed with peptides and added to cells, and the amount of bound virus was determined by a cell-based ELISA. To determine if the peptides were virucidal, virions were incubated with various concentrations of peptides for an hour at 37°C and then serially diluted, and the titers were determined. To determine if pretreatment of the cells was protective, the cells were incubated with the peptides for 1 h at 37°C and rinsed prior to infection. The ability of the peptides to block entry was tested by adding virions to the cells at 4°C, followed by the addition of the peptides. The cultures were incubated at 4°C for an additional 15 min, at which time they were shifted to 37°C and infection was monitored. For all these assays except the attachment assay, infectivity was determined by measuring the ␤-galactosidase activity at 6 h postinfection. The means of the EC 50 s determined in these assays are summarized in Table 2 .
(i) Entry-blocking activities of peptides gB94, gB122, and gB131. As shown in Fig. 5A , the gB94 peptide had no effect in the entry assay. In contrast, both gB122 and gB131 clearly inhibited viral infection at the entry step in a dose-dependent manner with EC 50 s of 18 and 12 M, respectively. These values were comparable to the EC 50 s of 15 and 18 M for gB122 and gB131, respectively, in the comprehensive assay. To rule out the possibility that peptides gB94, gB122, and gB131 blocked virus binding to cells, the ability of the peptides to inhibit attachment was tested by the cell-based ELISA. As summarized in Table 2 , the peptides at concentrations as high as 200 M did not interfere with attachment (EC 50 s Ͼ 200 M). These results indicate that the predominant antiviral mechanism of peptides gB122 and gB131 is at the viral entry step, whereas peptide gB94 does not appear to block viral entry.
(ii) Effects of gB94, gB122, and gB131 on cellular protection. Figure 5B shows the antiviral activities of peptides gB94, gB122, and gB131 when Vero cell monolayers were pretreated with one of the peptides and rinsed prior to infection. Pretreatment of the cells with the gB94 peptide inhibited infection by 45% at the highest concentration tested (200 M). When the cells were pretreated with gB122, protection was seen with an EC 50 of 70 M. These results suggest that peptides gB94 and gB122 had some effect on the cells, but this could not account for the majority of the antiviral activity seen in the compre- 
FIG. 3. Antiviral activities of gB94, gB122
, and gB131 in the comprehensive assay. The peptides were newly synthesized and purified, and their antiviral activities were confirmed in the comprehensive assay, as described in Materials and Methods. Briefly, both cells and virus were incubated with various concentrations of peptides for 1 h at 37°C. Following incubation, the peptides on the cells were replaced with virus-peptide mixtures and the cultures were incubated further. Six hours later, the ␤-galactosidase (␤-gal) activity was determined as a measure of infectivity. The graph is a representative result from at least two independent experiments. Each point and error bar represents the mean Ϯ standard deviation of triplicate samples.
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hensive assay. The gB131 peptide was inactive when the cells were pretreated with the peptide prior to infection.
(iii) Effects of gB94, gB122, and gB131 on inactivation of virions in solution. Having shown that gB94, gB122, and gB131 vary in their abilities to block viral entry and confer cellular resistance to infection, we next tested them for their virucidal activities. When virus was incubated with the gB94 peptide prior to infection, the EC 50 was approximately 125 M (Fig.  5C ). This was significantly higher than that observed in the comprehensive assay, suggesting that the gB94 peptide can irreversibly inactivate virions in solution only at high concentrations. When virus was pretreated with the gB122 peptide, the EC 50 was 118 M (Fig. 5C) , indicating that the antiviral activity of gB122 is not primarily due to virucidal activity. Pretreatment of virus with the gB131 peptide had no inhibitory effect at concentrations as high as 200 M (Fig. 5C ). In summary, Table 2 and Fig. 3 to 5 demonstrate that gB94, gB122, and gB131 all inhibited HSV-1 infection but did so by distinct mechanisms.
Peptide gB122 blocks postentry events, as measured by nuclear VP16 translocation and ICP0 expression. A comparison of previously identified functionally important regions in gB with the locations of the seven inhibitory peptides indicated that only one of the peptides, gB122, mapped to a putative functionally important region (38, 42) . A comparison of the gB122 sequence in all herpesvirus gB proteins indicated that this region is highly conserved among the alphaherpesvirus subfamily ( Table 3 ). The gB122 peptide also partly overlaps a peptide identified as having a propensity for high interfacial hydrophobicity (26) . Because of these features, we selected the gB122 peptide for further studies. To confirm that gB122 acted at an early step in infection, the translocation of the VP16 tegument protein to the nucleus and expression of the ICP0 immediate early protein in the presence of gB122 were determined. The translocation of VP16 to the nucleus has previously been used as an indicator of entry (16, 67) . In the absence of gB122, VP16 was detected in the nucleus by 4 h postinfection (Fig. 6A ). There was a dose-dependent decrease in the amount of nuclear VP16 in the presence of gB122, and at concentrations of 100 M or higher, VP16 was not detected in the nuclear fraction. The ICP0 protein is one of five HSV-1 immediate early proteins that are expressed before any other viral proteins are expressed. Similar to the VP16 translocation, there was a dose-dependent reduction in ICP0 expression in the presence of peptide, and no expression was detected at peptide concentrations of 50 M or higher (Fig. 6B) . Both of these results are consistent with a mechanism by which gB122 acts to block infection at the entry step.
Residues critical for antiviral activity of gB122. To identify the residues in gB122 critical for the antiviral activity, a series of altered peptides were synthesized, and their EC 50 s were determined. The results are summarized in Table 4 . Deletion of the first glycine residue [gB122 (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) ] increased the EC 50 only about twofold (P Ͻ 0.05). The gB122 peptide contains two hydrophobic amino acid blocks that are separated by a 3-residue glycine linker. Deletion of 3 residues from the N-terminal end of gB122 (gB122⌬1-3) resulted in a 2.5-fold increase in the EC 50 , whereas the removal of 6 residues at the N-terminal end (gB122⌬1-6), which included 2 hydrophobic residues, resulted in a greater reduction in antiviral activity (EC 50 Ͼ 100 M). Deletion of 3 residues (hydrophobic residues V, Y, and F) from the C-terminal end of gB122 (gB122⌬13-15) resulted in a sixfold increase in the EC 50 . The removal of 6 residues at the C terminus (gB122⌬10-15) resulted in the complete loss of antiviral activity. When they are considered together, these results suggest that deletions extending into either hydrophobic region were detrimental to the activity of gB122.
Replacement of the central residue of the glycine triplet with leucine (gB122G10L) and an alanine substitution for the second arginine (gB122R4A) increased the EC 50 (25 M) about 1.7-fold, suggesting that the glycine and the arginine in this region are not FIG. 4 . The gB94, gB122, and gB131 peptides are not cytotoxic for Vero cells. Vero cell monolayers in a 96-well plate were treated with various concentrations of the peptides overnight. The next day, 20 l of Celltiter 96 AQ queous One Solution cell proliferation assay reagent (Promega) was added to each well, and 2 h later, the absorbance at 490 nm was read in a 96-well plate reader. The bKLA peptide is a cationic amphipathic peptide that is toxic to cells (1, 11) and was used at 10 M as the positive control. Each point and error bar represents the mean Ϯ standard deviation of triplicate samples. The peptide concentration denoted zero is the no-peptide control, whose activity was set equal to 100%. critical for the antiviral activity. Single alanine replacements of most of the amino acids in the two hydrophobic regions (gB122F6A, gB122F8A, gB122Y14A, and gB122F15A) reduced the antiviral activity approximately 2.5-to 5-fold. Of the singleresidue substitutions, the greatest decrease in the antiviral activity (eightfold) resulted from replacement of the tyrosine in the first group of hydrophobic residues (gB122Y5A), suggesting that this residue is important for the antiviral activity of gB122. This corresponds to tyrosine 640 (Y640) in the full-length gB-1 protein.
DISCUSSION
Currently, gB-1 is thought to act downstream of gD and in concert with gH-gL as part of the fusion complex; however, little is known about the specific role of gB in the entry process. To date, only a few functionally important residues in gB have been identified (2, 4, 5, 21, 24, 25, 27, 38, 39, 43, 63) . The gB-1 ectodomain has been difficult to study by the use of mutagenesis strategies because a high percentage of the mutations severely disrupt the structure and processing of the protein and therefore affect its function (13, 45, 54) . The targeting of exposed loop regions for mutagenesis also results in a high percentage of altered proteins (44) . The fact that the ectodomain is intolerant of mutation is consistent with the extensive protein-protein contacts revealed in the crystal structure of the gB-1 trimer (36) .
In this study, we have described an alternative approach for identifying functionally important regions of gB-1 and other membrane-bound glycoproteins on the basis of the findings of previous studies that showed that peptides that match proteinprotein interaction interfaces have inhibitory activity (9, 19, 22, 31, 47, 70, 74) . The approach involved the synthesis of a library of overlapping 15-mer peptides that encompassed the entire ectodomain of gB-1 extending from residues 30 to 730. The library of 138 peptides was then screened for antiviral activity.
Seven of the 138 peptides tested positive for reducing infection by 50% or more at a presumed concentration of 100 M in the initial high-throughput screen. When we retested highly purified peptides, three of the seven peptides (gB94, gB122, gB131) had EC 50 s less than 20 M in our comprehensive assay and were selected for further studies. These peptides represent novel inhibitors of HSV-1 infection and validate the strategy (peptide scanning inhibition) for the identification of antiviral drug targets. Evidence that the regions of gB-1 corresponding to the active peptides are functionally important comes from the finding that a linker insertion at T690 in the gB region corresponding to gB131 altered the fusogenic activity (45) , and a monoclonal antibody that recognizes gB residues 640 to 670 (gB122) neutralized virus and blocked the binding of gB to cells (6) . The gB122 peptide also partly overlaps a region of gB and has properties predictive of a membrane-partitioning domain (26) . Further studies of the regions of gB-1 corresponding to gB122 and gB131 are clearly warranted.
Dose-response studies showed that peptides gB94, gB122, and gB131 inhibited infection with EC 50 s of less than 20 M when the peptides were continuously present over the entire assay period. However, when the peptides were introduced at various times during infection, the three peptides displayed different antiviral activity profiles, suggesting that they possess different inhibitory mechanisms. The gB131 peptide was clearly shown to be an entry blocker, since the EC 50 s obtained in the comprehensive and entry assays were essentially identical and it was inactive in the other assays. The gB122 peptide primarily blocked viral infection at a postattachment entry step, but it also had other activities, as infection was inhibited when either cells or the virus was exposed to the peptide prior to infection. Although the gB94 peptide efficiently inhibited viral infection in a dose-dependent manner with an EC 50 of 6.5 M in the comprehensive assay, it did not significantly block infection when the peptide was added to either cells or the virus before infection. Moreover, the gB94 peptide showed no antiviral activity in the entry assay. It is possible that gB94 is active intracellularly, which will require additional studies. Currently, it is unclear at which stage in HSV-1 infection gB94 is acting. Additional studies were focused on the gB122 peptide for several reasons. First, it was the only peptide displaying at least some antiviral activity in all of the assays except the attachment assay. Second, gB122 overlapped a region that had previously been suggested to play a role in the oligomerization of gB, and a linker insertion in this region altered the fusogenic activity (38, 42, 45) . The gB122 peptide consists of two 4-residue hydrophobic sequences separated by a 3-residue glycine linker and has high tyrosine and phenylalanine contents. The hydrophobic amino acids may be important for the antiviral activity, since peptides with deletions in these sequences had higher EC 50 s or lost antiviral activity. With the exception of tyrosine in the fifth position (residue 640 in the gB-1 protein), single alanine substitutions for individual hydrophobic residues raised the EC 50 s only slightly, suggesting that multiple hydrophobic residues are important for the activity of gB122. The tyrosine at the fifth position in the gB122 peptide is a critical residue for antiviral activity and corresponds to residue 640 FIG. 6. The gB122 peptide inhibits VP16 translocation to the nucleus and ICP0 expression. (A) VP16 translocation. Virus was allowed to attach to cells at 4°C for 1 h. Various concentrations of gB122 were then added, and 15 min later the cells were transferred to 37°C. One hour later, the cultures were treated with pH 3.0 citrate buffer, rinsed, and refed with fresh medium. At 4 h of citrate treatment, the cells were harvested, nuclear extracts were prepared and electrophoresed, and nuclear VP16 was detected by immunoblotting. (B) ICP0 expression. Cells infected as described for panel A were harvested at 5 h postinfection, and the ICP0 in total cell extracts was detected by immunoblotting with ICP0-specific antiserum. The blot was stripped and reprobed with actin-specific antibody to determine if all lanes were equally loaded. A comparison of the herpesvirus gB protein sequences (Table 3) revealed that the sequences corresponding to gB94 are completely conserved across all HSV-1 and HSV-2 sequences that are available and suggest that gB94 would have broad activity against HSV-1 and -2 strains. The sequences corresponding to gB122 match exactly for the gB-1 sequences that are available but differ by 1 or 2 residues for HSV-2 strains. Thus, gB122 would be predicted to block HSV-1. Further studies will be needed to see if gB122 acts on HSV-2 strains. For gB131, the sequence is highly conserved among the herpes simplex viruses, and this result would be predicted to block HSV-1 and HSV-2 strains. The three corresponding peptide sequences are not highly conserved in pseudorabies and varicella-zoster viruses, but only a single sequence is available for each virus. The corresponding sequences for Epstein-Barr virus, cytomegalovirus Towne, and human herpesvirus 6 are poorly conserved. It is therefore likely that gB94, gB122, and gB131 would most likely be specific for HSVs. Clearly, additional studies of the spectrum of activity of the three peptides are needed.
There are several possible mechanisms by which gB122 and gB131 could be inhibiting HSV-1 entry. These peptides could disrupt the oligomeric structure of gB-1. If this were true, the gB122 and gB131 peptides would be expected to be virucidal. However, our data showed that gB122-treated virions lose their infectivity only at higher concentrations and that gB131 was not virucidal. It is also possible that gB122 or gB131 could either prematurely trigger or inhibit a conformational change in the gB-1 molecule required for entry. Finally, gB122 or gB131 may be acting by blocking a protein-protein interaction. In particular, these peptides might inhibit gB binding to PILR␣, gD, or gH-gL. The region of gB corresponding to gB122 is predicted to have a high propensity for interfacial hydrophobicity (26) and could function as a binding site for gD, gH, or a cellular coreceptor such as PICR␣ (66) .
According to the crystal structure (36) , the region of gB corresponding to gB122 forms a shallow pocket on the side of the globular head opposite the viral envelope and would be in a position to interact with another protein. Tyrosine 640, which appears to be important for the activity of the gB122 peptide, lies at the center of the shallow pocket where the side chain would be available for binding. Thus, future studies focusing on this region may provide important information on the function of gB. Our observation that preincubation of the cells with gB122 was not inhibitory except at high peptide concentrations leads us to favor the possibility that gB122 is not acting through cellular effects. The gB131 peptide lies near the envelope proximal end of the stalk portion of gB (36) , and the crystal structure reveals that residues corresponding to gB131 are in a position to form interactions between the monomers stabilizing the trimer (36). It is not likely that gB131 is acting by destabilizing the trimer, since gB131 was not virucidal; however, the gB131 peptide could be interfering with a conformational change involving interactions between residues in this region or by blocking a binding interaction.
The gB peptides identified by peptide scanning inhibition could be useful in several ways. Further testing and development could lead to their use directly as antiviral agents. The fact that peptides generally enter cells poorly suggests that the peptides would likely be most useful for topical applications, perhaps as a microbicide. Alternatively, or in addition, molecular modeling and drug design efforts focusing on the corresponding regions of gB could lead to the identification of small molecular inhibitors. Finally, these peptides may also be useful as reagents in the screening of small-molecule libraries for inhibitors of the function of gB. --------------A 48.6 Ϯ 6.2 gB122⌬1-3
------------34.9 Ϯ 1.8 gB122⌬1-6
---------Ͼ100 gB122⌬13-15
------------91.4 Ϯ 9.8 gB122⌬10-15
---------Ͼ100
a The EC 50 s are the means Ϯ standard deviations determined from at least two independent experiments. The gB122⌬1-6 and gB122⌬10-15 peptides had no effect on HSV-1 infection at the highest concentration tested (100 M).
b The numbering system refers to the position of the residue by counting the first glycine as 1 and does not refer to the residue in the full length gB-1 protein.
The glycine at position 1 in the peptide corresponds to residue 636 in full-length gB-1. Note that except for gB122, a glycine residue at the first position is not present in the peptides.
